We have developed magnetically controllable gold nanoparticles by synthesizing superparamagnetic Fe 3 O 4 core/gold shell nanoparticles. The core/shell particles have the capability of forming gold 1D chains in the presence of an external magnetic field. Here we demonstrate dynamic and reversible self-assembly of the gold 1D chain structures in an aqueous solution without any templates or physical or chemical attachment. The spatial configuration of gold chains can be arbitrarily manipulated by controlling the direction of a magnetic field. This technique can provide arbitrary manipulation of gold 1D chains for fabrication purpose. To demonstrate this capability, we present a technique for immobilization of the gold particle chains on a glass substrate.
Introduction
The ability to assemble noble metal nanoparticles is an important area of study due to their unique localized surface plasmon resonance (LSPR) properties [1] [2] [3] and their applications in plamonics, 4 ,5 photonics, 6 surface-enhanced spectroscopies.
7,8
Additionally, ordered assemblies of metal nanoparticles can provide distinct optical and electronic properties compared to single particles or disordered particle conglomeration.
9,10
In particular, the organization of metal nanoparticles into 1D chain structures has important applications in areas such as LSPR coupling, plasmon-based waveguide, 11, 12 electron tunneling between neighboring particles. 13 Owing to their unique characteristics, many attempts have been made to make gold 1D chain structures using various approaches. The conventional fabrication techniques for fabricating 1D particle chains utilize templates such as phospholipids, 14, 15 polymers, 16 DNA, 17 peptide nanotubes, 18 carbon nanotubes. 19 However, these approaches require complicated multistep methods including preparation of functionalized templates and attachment of metal nanoparticles in order to assemble particles onto the templates. Also, the large-scale fabrication and the arbitrary control of chain direction are very difficult. 1D chains can be also generated by spontaneous self-assembly of nanoparticles which have magnetic 20 or electric dipoles. 21 The use of electric forces is a promising technique for the formation and manipulation of chain structures, but this technique has constraints, including the potential for inducing electrochemical process and localized heating. 22 In comparison to other methods for generating gold particle chains, the magnetic assembly method is instantaneous and enables large-scale fabrication 23 with a high degree of spatial control.
24-26
Here we report the fabrication and arbitrary manipulation of gold particle chain assemblies using superparamagnetic core/gold shell nanoparticles in an aqueous solution. We overcome the limitations of conventional fabrication techniques by fabricating gold 1D chain structures using a magnetic field, which greatly simplifies the fabrication process. Using our method, millions of chains can be created simultaneously in a few seconds, in the absence of templates or any attachment process. We also demonstrate arbitrary manipulation of chain orientation by controlling the direction of a magnetic field. Moreover, we provide the technique for immobilization of chain structures on a glass substrate. 
Experimental
The schematic diagram of synthesis of superparamagnetic core/gold shell is shown in Figure 1 .
Materials. core nanoparticles with tunable size are synthesized by using a high-temperature hydrolysis reaction with PAA as a surfactant. 27 In a typical synthesis, a mixture of 288 mg of PAA, 1 mL of FeCl 3 stock solution and 15 mL of DEG is heated to 220 °C in a nitrogen atmosphere for 90 min with vigorous stirring to form a transparent, light yellow solution. Then, 1.8 mL of NaOH/ DEG stock solution is injected into the above solution which slowly turned black after about 2 min. The resulting mixture is further heated for 1 h to yield about 120 nm Fe 3 O 4 colloids. Introduction of NaOH into the hot mixture of DEG, FeCl 3 and PAA produces water molecules and also increases the alkalinity of the reaction system and both results favor the hydrolysis of FeCl 3 . The average size of the superparamagnetic core particles can be precisely controlled simply by varying the amount of NaOH. The synthesized Fe 3 O 4 colloids are first washed with a mixture of deionized (DI) water and ethanol, then with pure water several times, and finally dispersed in 3 mL of DI water.
Silica Coating on the Fe 3 O 4 Nanoparticles. The silica coating on Fe 3 O 4 nanoparticles is performed using a modified Stöber method. 28 Typically, 3 mL of a Fe3O4 colloids solution is mixed with ethyl alcohol (20 mL), NH 4 OH (28%, 1 mL). TEOS (0.1 mL) is injected into the solution. After 20 min, TEOS (0.1 mL) is injected one more time. After the reaction finished, the Fe 3 O 4 /SiO 2 particles are collected by magnetic separation, followed by rinsing with ethanol 3 times and finally dispersed in 3 mL of EtOH.
APTES-Functionalization of Fe 3 O 4 /Silica Surface. APTES can be covalently bonded to the surface of silica. The 3 mL of Fe 3 O 4 /silica colloid solution is added to 50 mL EtOH, placed in a polypropylene bottle and stirred rapidly. 0.5 mL of APTES is added to the suspension with continuous stirring for 5 min. The mixture is boiled for 2 h. Total evaporation of the EtOH during the APTES functionalization is prevented by the continuous addition of EtOH. Next, the functionalized magnetic core particles are washed 3 times in EtOH by magnetic separation. The functionalized particles are finally redispesed in 15 mL of EtOH.
Synthesis of THPC-Gold Solution. The synthesis of THPC-gold solution composed of 1-3 nm Au colloids is performed as follows: 2 mL of 1 M NaOH is added to 180 mL of DI water, followed by the addition of 4 mL THPC solution (prepared by adding 50 L of 80% THPC to 4 mL DI water). The mixture is stirred for 10 min and then 8 mL of 25.4 mM HAuCl 4 is added rapidly. The color of the mixture changed from yellow to dark brown within a few seconds, indicating the formation of THPC-gold nanoparticles.
Attachment of THPC-Gold Nanoparticles to an APTESFunctionalized Magnetic Core. In order to attach the THPCgold nanoparticles, 20 mL of a THPC-gold solution is ultrasonicated for 1 min. During ultrasonication, 2 mL of 1 M NaCl is added, followed by the addition of 0.6 mL of APTESfunctionalized magnetic core particles. After continuous ultrasonication for an additional 2 min, the solution is allowed to reach equilibrium for 12 h. The gold-decorated Fe 3 O 4 nanoparticle solution is washed with EtOH 3 times to remove excess THPC-gold nanoparticles and then the particles are redispersed in 3 mL EtOH.
Preparation of Gold Plating Solution. Gold plating solution is prepared for the growth of gold nanoshells. First, 0.05 g of K 2 CO 3 is dissolved in 200 mL DI water and then the solution is stirred for 10 min. Next, 3 mL of 25.4 mM HAuCl 4 is added to the solution. The solution is aged for 24 h in the dark before it is used.
Gold Nanoshell Synthesis. The THPC-gold particles attached to the silica surface are used as nucleation sites for the further reduction of gold, resulting in deposition of a gold nanoshell layer on the magnetic core particle.
3,29 The 0.3 mL of gold-decorated magnetic core nanoparticles are mixed with 3 mL of gold plating solution and then 1 mL of 1% PVP is added. Next, 261 µL of NH 2 OH·HCl is added to the mixture to reduce gold ions on gold colloids of a silica surface exclusively. The reduction is performed during 1 h, allowing for complete consumption of Au
3+
. The magnetic core/gold nanoshell particles are washed with DI water 3 times by magnetic separation and finally redispersed in 3 mL of water.
Immobilization of Gold 1D Chains on a Glass Substrate. The amino-terminating APTES monolayer are self-assembled on a glass substrate by dipping the substrate in a 1% APTES solution of EtOH for 1 h, followed by rinsing in EtOH. Finally, the substrate is baked at 80 o C for 1 h to complete the Si-O bond formation. The magnetic core/gold nanoshell particles are assembled on the amine-treated glass substrate by applying a magnetic field for 1 h. The substrate is thoroughly washed with DI water immediately after the magnetic field is removed. , respectively. The saturated mass magnetization of magnetic core/gold shell nanoparticles are decreased due to the formation of gold shells.
Results and Discussions
As depicted in Figure 4 , the dynamic and reversible assembly and arbitrary manipulation of gold 1D chains can be performed using the nanoparticles in an aqueous solution.
(see Supporting movie) Without an applied magnetic field, the superparamagnetic core/gold shell nanoparticles are randomly dispersed in an aqueous solution. Under an external magnetic field, however, the nanoparticles are assembled to form 1D chain structures along the magnetic field lines to align the dipoles in the same direction. An attractive magnetic force due to the superparamagnetic core is balanced with repulsive electrostatic and solvation forces. Without a strong repulsion force, the particles irreversibly aggregate with one another when they are pushed together upon application of external magnetic fields. Since the magnetic core particles are aligned according to the direction of the applied magnetic field, we can easily manipulate the axis of gold chain structures simply by controlling the direction of the external magnetic field. Depending on the direction of the external magnetic field lines, the magnetic core/gold shell nanoparticles can be stood upright or laid out horizontally with respect to the surface of the glass substrate (Figure 4(b) ). Also, after setting the magnetic field horizontally to align the particles parallel to the glass surface (xy plane), the external magnetic field can be rotated on the z axis to rotate the direction of the chain axis. Therefore, compared with conventional methods for generating gold chain structures which utilize templates, this magnetic assembly approach enables simple and fast fabrication with a high degree of spatial control. Once the properly oriented chain structures are obtained from magnetic self-assembly, the gold chains can be fixed on a glass substrate by the electrostatic interaction between the charged nanoparticle and amine groups of the substrate surface as depicted in Figure 5(a) . 32 The reflection dark-field and FE-SEM images of immobilized gold 1D chains on a glass substrate are shown in Figure 5(b) . By functionalizing the glass surface with APTES, the well-defined 1D chain arrays are immobilized on the surface of the glass substrate without distortion. The gold shells are dominantly negatively charged due to the adsorption of anions and surfactant, while the amino groups are mainly positively charged. Therefore, the specific affinity originates from the strong electrostatic attractions.
Conclusions
In conclusion, we have developed magnetically controllable gold nanoparticles by synthesizing superparamagnetic Fe 3 O 4 core/gold shell nanoparticles. The core/shell particles have the capability of forming gold 1D chains in the presence of an external magnetic field. Using this approach, millions of gold 1D chains can be assembled and oriented in along applied magnetic field lines. Furthermore, we provide a technique for immobilization of gold chain structures on a glass substrate. We believe that the magnetic self-assembly using the magnetic core/gold shell materials could provide possibilities for LSPR investigations such as a SERS substrate or for the construction of plasmon-based waveguides.
